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MITIGATION OF SUMMERTIME BOAR INFERTILITY BY 
EVAPORATIVE AND CONDUCTIVE COOLING 
Evan Dale Grusenmeyer 
Dr. Timothy J. Safranski and Dr. Matthew C. Lucy, Thesis Advisors 
Abstract 
Boars subjected to summertime temperatures results in reductions in sperm 
quality. This reduction in quality is associated with decreases in both litter size and 
conception rate. With this study we aim to quantify the benefits of using additive cooling 
strategies on both testicular temperature and sperm quality. Thermal conditions were 
measured with temperature and humidity sensors (Onset® Hobologgers) in eleven 
commercial boar studs in five states. Large White x Landrace F1 boars (n=12; Choice 
Genetics®) were exposed to representative summertime conditions (heat stress, HS; 21.4 
to 26.1°C) and heat wave conditions (HW; 24.3 to 31.3°C) utilizing the Brody 
Environmental Chambers at the University of Missouri. Neck and testicular drippers (3.8 
liters per hour) with and without forced air (2.8 cubic meters per minute) were applied 
directly to each boar in a Latin square design with three day periods. Nooyen’s® Cool 
Sow Floor was tested with each boar under HS and HW using a switchback design with a 
seven day period. Shoulder, ear, scrotal, and rectal temperatures as well as respiration 
rate at 0700 and 1500 hours were recorded. Boars were implanted surgically with two 
temperature sensing telemetry devices (Anipill® Temperature Implant, Data Sciences 
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International; St. Paul, MN): one implanted between the peritoneum and the body wall 
(core temperature); the other sutured between the testicular tunics (testicular 
temperature). The initial selection for the most effective strategy was the treatment able 
to maintain the core-testicle temperature at the proper 2-4C differential. However, due to 
poor quantity of data collected in the preliminary trials, the selection was based on the 
most advantageous combination of thermal response variables. The most advantageous 
combination of response variables was observed in the evaporative strategy utilizing 
drippers and fans directed onto the neck and scrotum of the boar. Subsequently, six boars 
were provided the most effective strategy and six received no mitigation with all boars 
held under HS conditions. The implanted device data showed that mitigated boars had 
significantly lower testicular temperatures than unmitigated counterparts (33.1+0.4°C vs. 
33.9+0.4°C, P <0.001). However, core temperature did not vary significantly between 
boars. Shoulder surface temperature was lower in mitigated boars compared to 
unmitigated boars (29.2+0.4, 33.5+0.4, respectively, P<0.0001). Ear and scrotal surface 
followed the same trend with mitigated boars (28.2+0.8, 28.8+0.3, respectively) 
exhibiting lower temperatures compared to their unmitigated counterparts (31.2+0.8, 
31.7+0.3, respectively) with statistical differences observed for both measures (P,<0.03 
and <0.0001, respectively). Respiration rate was not different between mitigated and 
unmitigated boars (P=0.125). After 56 days boars were slaughtered and sperm collected 
from the epididymides of each boar. One hundred spermatozoa were classified according 
to physical morphology for both epididymal samples from each boar. Unmitigated boars 
exhibited higher proportions of tail (59.4+3.5) and head (15.3+1.5) related defects 
compared with mitigated boars (37.7+3.5, 8.0+1.5, respectively and P=0.0003 and 0.003, 
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respectively). Mitigated boars had significantly higher proportions of morphologically 
normal sperm than unmitigated boars (40.5+3.2, 13.3+3.2, respectively P<0.0001). 
Further sperm analysis was conducted using an image-based flow cytometer measuring 
DNA fragmentation (TUNEL) ubiquitination (anti-ubiquitin/UBB antibody), surface 
glycosylation (lectin LCA), and acrosomal abnormalities (lectin PNA). No significant 
differences were observed between mitigated and unmitigated boars due to large amounts 
of individual variation within treatment. Even under relatively mild thermal stress 
representative of commercial boar studs in the US, opportunities to improve sperm 
quality through cooling exist.
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CHAPTER 1 
 
 Introduction 
 Seasonal infertility as a result of high ambient temperatures and humidity during 
the summer can have detrimental impacts on boar fertility. St. Pierre et al. (2003) 
estimated the annual losses as a direct impact of heat stress (HS) on the U.S. swine 
industry to cost $300 million, but this estimate has not been adjusted for inflation or 
increases in feed costs. These losses are attributed to decreases in the fertility of sows and 
gilts, as well as decreases in finishing pig performance. However, if the effect of 
summertime infertility in the boar, increased labor for additional collections to supply 
enough quality semen doses and the use of genetically inferior boars to bolster doses 
were included this loss in profit is likely much greater.   
 Increases in ambient temperatures during the summer can have negative impacts 
on sperm quality. Heat stress associated depression of sperm quality is not a swine 
industry exclusive issue. Heat stress has been shown to drastically reduce sperm quality 
in a variety of mammals (Hansen, 2009). This summertime drop in quality is then spread 
to farrowing facilities where breeders face more issues. Wettemann  et al. (1976) 
demonstrated that gilts artificially inseminated (AI) with semen from heat stressed boars 
showed a reduced conception rate and litter size. This means that heat stress induced 
decreases in fertility will have broad reaching and significant effects on the productivity 
of the swine industry as a whole. 
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 Boar stud facilities have acknowledged their facilities are seeing a drop in sperm 
production and quality during the summer. The main goal of the boar studs is to cool the 
boars sufficiently to increase quality without increasing costs by an uneconomical 
amount. Little research has been done to understand the efficacy of current cooling 
strategies and whether an investment in additive cooling would have an appreciable effect 
on boar sperm.  
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CHAPTER 2 
 
Literature Review 
 
General aspects of boar reproduction and management 
 Boars reach puberty at an average age of 5-8 months (Senger, 2012). 
Spermatogenesis is initiated during the pubertal process. Sperm production increases up 
to about 3 years of age. Boars tend to be raised in groups to shorten the onset of puberty 
as well as to improve post-pubertal libido. The majority of the swine industry has shifted 
towards artificial insemination (AI) as opposed to natural service for gilts and sows. This 
allows farms to reduce the cost of maintaining a boar and allows for greater genetic 
progress in a herd. Boar stud facilities are able to better control the number of viable 
spermatozoa in an AI service dose increasing the genetic reach of a single boar. In a 
survey of 44 U.S. studs conducted by Knox et al., boar studs reported the average AI dose 
was between 2-4 billion viable spermatozoa (Knox et al., 2008). Surveys results indicate 
that boars are producing between 51-150 billion spermatozoa, collected with a 5-7 d 
resting period, meaning a single boar can produce 21-40 doses weekly. The majority of 
boar stud facilities (81%) house between 51 and 500 boars primarily held in individual 
stalls (91%). Boar studs utilize boars between 1-2 years of age. Reported culling rates are 
highly variable among boar stud facilities (20-70% annually) with the most commonly 
cited reasons being genetic improvement, poor semen quality and feet and leg issues. 
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Knox et al. found the whole barn heat mitigation in the studs was carried out by 
evaporative cooling in 74% of facilities, 44% used mechanical, 7% used air conditioning 
and 5% used no heat mitigation techniques. Boars had free choice access to water in all 
surveyed facilities. Boar ejaculates were discarded at an average rate of 1-10% due to 
poor motility and high numbers of abnormal spermatozoa.  
To limit the number of abnormal spermatozoa and thereby decrease the discard 
rate, boars should be maintained at a temperature within their thermoneutral zone. The 
thermoneutral zone of the boar is the range of temperatures where the heat of metabolism 
is close to the amount of heat lost by the pig to the environment. Increases in feed 
efficiency, growth rates and leanness of our current production swine means that the 
thermoneutral zone of pigs today is vastly different than in decades past (Brown-Brandl 
et al., 2001). 
Boar Thermoneutral Zone 
 The thermoneutral (TN) zone is defined as the range of ambient temperatures at 
which temperature regulation is achieved only by control of sensible heat loss, i.e. 
without alteration in metabolic or evaporative heat loss (Bligh and Johnson, 
1973).Genetic improvements over time leading to increases of feed efficiency and growth 
rates have a concomitant increase in basal heat production. Industry standard experiments 
were conducted in the early 1950s. Recent studies have been conducted to determine 
what changes may have occurred in swine thermal requirements. Total heat production 
(THP) in early weaned pigs is 33% higher and total moisture production (TMP) is 70-
135% higher than ASAE standards (Harmon, 1997). Brown-Brandl et al. showed THP of 
 5 
 
current finishing pigs is 6-41% higher  (2001, 2011) than previous American Society of 
Agricultural and Biological Engineers (ASABE) standards (ASABE, 1986). This drastic 
increase in THP is tied directly to lean tissue deposition. Increased selection pressure for 
accelerated lean growth in swine has exerted increased pressures on the animal to 
maintain a homeothermy under temperatures that may fall outside of the TN zone.  
Spermatogenesis  
 Spermatogenesis occurs in the seminiferous tubules that constitute the majority of 
the testis. Leydig cells, lymphatics, blood vessels and nerves constitute the remaining 
space. Sertoli cells and germ cells reside inside the seminiferous tubules. Sertoli cells are 
responsible for direction and support of developing and differentiating germ cells. They 
maintain contact with the germ cell through mitosis, meiosis, spermiogenesis and 
spermiation. 
Before spermatogenesis can occur certain endocrine requirements must be 
fulfilled. According to Senger (2012) the steps that must be met are: 1) adequate GnRH 
must be secreted by the hypothalamus; 2) follicle stimulating hormone (FSH) and 
luteinizing hormone (LH) are secreted from the anterior lobe of the pituitary and 3) 
secretion of gonadal steroids (testosterone and estradiol). Since males do not develop a 
surge center in the hypothalamus, GnRH is released in a pulsatile nature throughout the 
day. These pulses last for only a few minutes and cause discharges of LH. These pulses 
of LH occur 4-8 times in a 24 h period. FSH is released by the same action of GnRH but 
at lower concentrations than LH. Receptors specific to LH present on the surface of the 
Leydig cells allow for the initiation of steroidogenesis. The Leydig cell is analogous to 
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the theca interna cell in the ovary. As LH binds to its receptors Leydig cells begin 
production of progesterone, most of this is further converted into testosterone. The 
pulsatile discharge of LH has been shown to be important for normal testicular function. 
Leydig cells under the influence of LH begin the steroidogenic pathway to convert 
cholesterol to testosterone. Testosterone is moved to the Sertoli cells that utilize it in a 
similar way to female granulosa cells to allow for sperm maturation. Both cell types have 
receptors for FSH and androgens, secrete several similar proteins (including plasminogen 
activator, proteoglycans and inhibin), synthesize estrogens from testosterone reliant on 
FSH stimulation of aromatase and impact the maturation of adjacent germ cells (Fritz, 
1982). 
Spermatogenesis is initiated during puberty of the boar (Cole et al., 1982). In the 
boar, spermatogenesis can be separated into three morphologically and functionally 
different and sequential phases: spermatogonial (mitotic), spermatocytary (meiotic) and 
spermiogenic (post- meiotic/differentiation).  The spermatogonial process begins with 
four classes of spermatogonia present in the pig, similar to the mouse and the rat: 
undifferentiated type A spermatogonia, differentiated type A spermatogonia, Intermediate 
spermatogonia and type B spermatogonia (França et al., 2005). The first phase, 
designated the proliferative phase, constitutes the renewal of stem cell progenitors of 
germ cells (Senger, 2012). The loss of intercellular bridges between some spermatogonia 
allow cells to revert back to spermatogonial stem cells. These spermatogonia are held in 
niches in the seminiferous epithelium. The transition from Type B spermatogonia to 
primary spermatocyte also includes a movement from the basal compartment to the 
immune-privileged adluminal compartment and is a marker for the beginning of the 
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spermatocytary phase. The immune privileged nature of the adluminal compartment is 
permitted by the blood-testis barrier (BTB). Primary spermatocytes must undergo the first 
meiotic prophase including preleptotene, leptotene, zygotene, pachytene and diplotene 
(Senger, 2012). The primary spermatocytes of pigs, from preleptotene to diplotene, show 
a drastic increase in cellular size (França and Russell, 1998). During meiosis I, sperm 
DNA undergoes replication and crossing over that lead to genetic diversity of gametes 
and yields secondary spermatocytes (Senger, 2012). The secondary spermatocytes 
undergo a second round of meiosis resulting in haploid round spermatids.  With each 
round of meiosis cellular size begins to reduce due to nuclear condensation and 
chromatin compaction. The spermiogenic/differentiation phase includes no cellular 
divisions but is marked by drastic cellular remodeling. Conclusion of this phase is 
marked by undifferentiated round spermatids becoming fully differentiated spermatozoa 
with head (nuclear material), midpiece and principle piece (Senger, 2012). An important 
function of the Sertoli cells in the final rounds of differentiation is spermatid fluid 
retention (Cooper, 2011). This is accomplished through phagocytosis of the excess 
cytoplasm from the differentiating round spermatid. This helps Sertoli cells recycle 
excreted proteins and other molecules to maintain a suitable microenvironment for 
spermatogenesis. 
Stages and Cycles of Spermatogenesis  
 The process of spermatogenesis can be divided into stages and cycles. Stages 
encompass a specific group of associated cells within a seminiferous tubule that progress 
in a successive order towards spermiation, the release of differentiated elongated 
spermatids into the lumen (Senger, 2012). These cellular associations have been 
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classified into eight different stages (Swierstra, 1968; Frankenhuis et al., 1982; França 
and Russell, 1998; Costa et al., 2013). A cycle is completed when a particular cross 
section of the seminiferous tubule has progressed through all stages. Stage and cycle 
length vary slightly between breeds  but have stage length between 8.6 to 9.0 d and cycle 
length of 34.4  to 36 d, or 4 cycles (Swierstra, 1968; França et al., 2005).  
Natural Losses Associated with Spermatogenic Production 
From a single Type A spermatogonium, there is a potential yield of 256 
spermatozoa by the end of differentiation (França et al., 2005). However, drastic losses 
are observed at different stages of development. Several studies have observed that 
between 70 to 90% of the cells are lost in the boar (França et al., 2005; Costa et al., 
2013). França and Russell (1998) observed a density-dependent culling during the 
spermatogonial phase in which losses were high but limited to specific types of 
developing spermatogonia (type A2-A4). This is thought to be a regulatory culling in 
order to maintain the optimal number of germ cells that can be sustained by the Sertoli 
cells. Apoptosis is frequently observed during meiosis and is thought to be a result of 
chromosomal damage (Okwun et al., 1996; França and Russell, 1998). A 15% loss was 
observed from round spermatids differentiating into elongated spermatids (Castro et al., 
1991). This loss is thought to regulate the number of elongated spermatids to the number 
of crypts available within each Sertoli cell for final differentiation.  
Epididymal transit 
 Upon spermiation, waves of spermatozoa are released into the lumen of the 
seminiferous tubule. Testicular spermatozoa, although morphologically mature, are 
 9 
 
functionally immature. Peristaltic contractions of the peritubular myoid cells surrounding 
the tubules usher the newly differentiated spermatozoa into the rete testis. The rete testis 
is a collection duct shunting spermatozoa into the initial segment of the epididymis. Like 
the seminiferous tubules, the epididymides are surrounded by smooth muscle cells 
allowing for rhythmic contraction to move luminal contents. The epididymis can be 
separated into three distinct regions termed the head (caput), body (corpus) and tail 
(cauda) (Senger, 2012). One of the initial experiments to elucidate the role of epididymal 
travel was conducted in 1930 by Dr. William Young. He collected “younger” 
spermatozoa from the proximal  end of the epididymis (head) and old samples from the 
distal end (tail) in guinea pigs (Young, 1930). Approximately equal samples of 
spermatozoa were artificially inseminated into females that had shown heat at the same 
period. Of the 99 females inseminated with proximal spermatozoa only 33.3 % were 
impregnated, and of the 97 females inseminated with distal samples 68% were found 
pregnant. This indicates that, although some spermatozoa are capable of fertilization in 
the proximal end, spermatozoa are more functionally developed by the time they reach 
the distal end of the epididymis. As epididymal transit occurs spermatozoal 
characteristics develop and alter slightly as the cell progresses. The head of the 
epididymis acts to resorb significant amounts of rete fluid, thus concentrating the sperm. 
Spermatozoa are not motile, not fertile, have cytoplasmic droplets in the proximal 
location and have low disulfide cross-linking (Senger, 2012). Upon travel through the 
body of the epididymis, the spermatozoa show little motility after dilution, some 
expression of fertility, a distally translocating cytoplasmic droplet, moderate to high 
levels of disulfide cross-linking and they have acquired the ability to bind to oocytes. 
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When the spermatozoa reach the tail of the epididymis they exhibit normal motility after 
dilution, optimal fertilization potential, a distal location of the cytoplasmic droplet and a 
high degree of cross-linking as well as retention of the ability to bind to the oocyte. The 
high degree of disulfide cross-linking is a marker of final maturation of the chromatin 
structure and aids in integrity and insolubility (Balhorn, 1982; Senger, 2012). Individual 
variation exists in epididymal transit time, but estimates are 9-14 d for the boar. Although 
capable of fertility and motility, spermatozoa are held in a quiescent state in the tail of the 
epididymis (Cooper, 2011). This state is maintained until sexual excitation and 
ejaculation. 
Factors that affect boar spermatogenic efficiency 
 Leydig cells are one of the two most important somatic cells leading to sperm-
production related action in the testis. Leydig cells appear around 30 d of age in the 
developing male fetus (Cole et al., 1982). Rapid proliferation is observed at 38 days post 
coitem. This is followed by a rapid regression in the number and size of the Leydig cells 
(Van Straaten and Wensing, 1978). This phase of proliferation is thought to be important 
in male reproductive tract development and masculinization of the developing fetus. The 
next phase of growth is observed in the perinatal period. This phase eventually regresses 
and is replaced by adult Leydig cells. At 2.5 months of age the Leydig cells differentiate 
and increase in number (Cole et al., 1982). Leydig cells have been shown to increase in 
number up to 16 months of age in Piau boar (a Brazilian improved production swine 
breed) (França et al., 2000). Leydig cells attain the ability to respond to LH and 
subsequently synthesize testosterone as well as other growth factors that ultimately direct 
Sertoli cell action (Parrish et al., 2017). The production of testosterone is tightly regulated 
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through a negative feedback loop of testosterone on the gonadotropic cells in the 
hypothalamus (Holdcraft and Braun, 2004). Rather than cell size or number, the amount 
of Leydig cell smooth endoplasmic reticulum has been shown to have the greatest effect 
on the capacity for testosterone production (Zirkin et al., 1980). The secretions of 
testosterone are important for the maintenance of the reproductive tract and accessory sex 
gland function as well as sexual behavior. Leydig cells play a vital role in reproductive 
tract of the boar.  
A large factor affecting the efficiency of a boar’s testis is the amount of Sertoli 
cells and how well they function. Sertoli cells have receptors for both testosterone as well 
as FSH (Senger, 2012). Sertoli cell proliferation is controlled by FSH in two distinct 
phases. During the first phase Sertoli cell number is increased six-fold (França et al., 
2000). The second phase occurs around 3-4 months of age directly preceding puberty.  
During this proliferative phase there is a doubling of Sertoli cell number as well as a 
drastic elongation of the seminiferous tubule. These alterations occur as a direct result of 
elevated FSH levels. Okwun et al. (1996) illustrated that capacity to maintain higher 
levels of type A spermatogonia was highly correlated with a high prevalence of Sertoli 
cells in boars. However, daily sperm production was affected greatly by lower levels of 
germ cell degeneration and more efficient Sertoli cells. This balance is supported by the 
dichotomy of domestic boars versus wild boars. Almeida et al. (2006) showed that higher 
numbers of Sertoli cells compensated the fact that wild boars had lower Sertoli cell 
efficiency when compared to contemporary production boars. The daily sperm 
production per testis was lower in the wild boar compared to the domestic boar due to 
testis size. Since Sertoli cells can only support a fixed number of developing sperm cells 
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(França and Russell, 1998),  the number of Sertoli cells established during development 
has a monumental effect on lifetime sperm production (França et al., 2005). Unlike 
Leydig cell, no Sertoli cell proliferation has been observed after puberty. This indicates 
that to ensure optimal production measures should be taken to protect developing and 
developed Sertoli cells. 
The Sertoli cell is the key mediator from FSH and LH induced testosterone 
production and the developing germ cell. Sertoli cells provide support and nutrition to 
developing sperm cells (França et al., 2005). A portion of this support relies on the ability 
of the Sertoli cell to maintain an immune privileged nature within the lumen of the 
seminiferous tubule. If no privileged nature is acquired or if the barrier breaks down, 
immune cells will invade and destroy any cell they perceive as a threat, i.e. developing 
spermatocytes, spermatids and spermatozoa. The blood-testis barrier (BTB) is maintained 
by tight junctions between adjacent Sertoli cells working in conjunction with peritubular 
myoid cells. The proper development of the BTB is vital for spermatogenic success as the 
immune system has gained competence long before the onset of spermatogenesis (Li et 
al., 2012). The peritubular layer acts as the first line of screening in inhibiting entry of 
immunoglobulins and large molecular weight materials (Senger, 2012). The tight 
junctions constitute the second barrier blocking immunoglobulins and immune cells. 
These anatomical barriers are supplemented by physiological and immunological barriers 
associated with  the BTB (Mital et al., 2011).  
Although effective at maintaining immunological separation, the BTB is not an 
impenetrable wall. Loss of the BTB in mice lead to loss of germ cells (Mital et al., 2011). 
The Sertoli cells associate with preleptotene to leptotene spermatocytes in such a way 
 13 
 
that as the cells progress towards the lumen tight junctions form behind/below the 
forming spermatocyte. This allows the sperm to mature in the immune privileged portion 
of the tubule without compromising the integrity of the BTB (Smith and Braun, 2012). 
The Sertoli cells are also responsible for phagocytosis of superfluous materials within the 
seminiferous tubules. This phagocytosis can be directed toward defective germ cells (Lue 
et al., 1999; França et al., 2005) or shed cytoplasmic fluid from elongated spermatids 
before spermiation (Cooper, 2011). 
Stress and its effect on the Boar 
 Recent interests in livestock research have shifted towards a welfare perspective. 
Han Selye is credited with being the first to introduce the concept of stress as “a 
nonspecific response of the body to any demand made upon it” (Selye, 1973). Since that 
initial definition there have been many iterations ranging from Fink’s definition of any 
perception of threat (2016) to a definition from neuroendocrinology of any stimulus that 
incites release of adrenocorticotropic hormone (ACTH) and adrenal glucocorticoids 
(Martínez-Miró et al., 2016). Despite the wide range of usage the most widely accepted 
definition of stress is “the biological response elicited when an individual perceives a 
threat to homeostasis” (Moberg, 2000). Under this definition, the effects of temperatures 
outside of the animal’s thermoneutral zone could be a potential source of stress. 
 Mammals, as endotherms, must maintain a delicate balance between heat 
production and heat loss. Heat production is due to metabolism of food or fat, cellular 
metabolism and muscular contraction (Feldhamer et al., 2007). External factors also 
affecting the exchange of animal to environment are solar radiation, reflected light, 
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thermal radiation, conduction to and from other surfaces, air temperature and movement 
and the relative humidity. To define heat stress we must first establish what the 
thermoneutral zone means. The thermoneutral zone is defined as the range of 
temperatures between which metabolic rate changes are minimal with increasing or 
decreasing ambient temperatures and humidity. At temperatures more extreme than the 
upper and lower critical temperatures of the TN zone animals must make alterations to 
thermal conductance (rate heat is lost to the environment) and metabolic rates. 
Temperatures above the upper critical temperature (UCT) force the boar to alter 
regulation to maintain proper core temperature compared to under TN temperatures. Until 
recently the TN zone for modern pigs has been undefined. Most of the original work 
testing for total heat production (THP) was conducted in the 1950s, 1960s and 1970s. 
Most of the current housing standards are based on the data from Bond et al. (1959). A 
26% increase in THP was observed in finishing swine held at TN conditions when 
compared to current standards (Brown-Brandl et al., 1998). This finding aligns with a 
study conducted on early weaned pigs showing a  33% higher THP and a total moisture 
production between 70-135 %  higher than current standard estimates (Harmon, 1997). 
Increased heat production has been attributed to increased lean muscle production and 
fast growing pigs that have become the industry standard. Due to these drastic increases 
in heat production, UCT thresholds are thought to be reduced by 3 - 5° C to even as much 
as 8° C (Brown-Brandl et al., 2001; Parrish et al., 2017).  
A novel approach to evaluating the upper critical temperatures of current 
production animals was conducted by Brown-Brandl et al. (2013). Forward looking 
infrared radiometer (FLIR) thermal imaging cameras were used to measure skin surface 
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temperature at set times throughout seven assigned days with ambient barn temperatures 
fluctuating with external ambient temperature, ranging from 21.3 to 36.6 ° C. One-
hundred and sixty crossbred pigs were used for this study with mean weight at the 
beginning of the trial of 26.9 + 11.8 kg and an ending weight of 62.2 + 19.6 kg. Animals 
were kept in pens with pigs grouped by age. A small subset of the finishing pigs was 
selected for individual pig thermal imaging. These pigs were moved to an empty pen and 
a thermal image was taken of sides of the pig before returning to their pens. Computer 
software analysis found break points in this experiment of 17.4 to 23.2° C for the UCT 
and an extreme upper critical temperature (EUCT) between 35.7 and 40.7° C. These 
break points are thought to represent blood shunting to the surface of the skin and 
towards the extremities, a cooling strategy employed by swine under HS. The lower 
values represent the UCT of the TN zone above this temperature the pig must begin 
shunting more blood to the surface in order to cool themselves and maintain proper core 
temperature. The EUCT represents a temperature at which maximal bloodflow to the 
surface is achieved and maintained (theoretical maximal heat loss). Unmitigated pigs 
exposed to HS conditions will begin to show detrimental reductions to health, 
productivity and if the conditions are extreme and persist for prolonged periods the effect 
could prove fatal. FLIR imaging estimates of the TN zone are in agreement with previous 
work (Brown-Brandl et al., 2001; Huynh et al., 2005; Huynh et al., 2006; Brown-Brandl 
et al., 2012), others have attempted to evaluate TN zone temperatures using other 
biological and behavioral criteria. Based on different behavioral measures, Huynh et al 
(2006) illustrated a lower critical value of 16.6° C, based on reductions of huddling 
behavior, and upper critical temperature ranging between 18.8 and 24.2° C, when 
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observing lying preference, excretion behavior and activity level reductions. Respiration 
rate yielded a threshold temperature of 19.8 (Brown-Brandl et al., 2001) and 21.3 to 22.4 
(Huynh et al., 2005). Although, different TN temperature limits have been observed for 
our current swine, the literature is in agreement that the high-lean, fast growing 
production hog today has a TN range below that of production hogs of years past. 
Heat Stress Response through Hypothalamic-Pituitary-Adrenal axis 
 The pig is able to respond to stress through the hypothalamic-pituitary-adrenal 
axis (HPA). Social, immunological, metabolic, handling and environmental are stressors 
that alone or in combination affect swine in the current intensive production model 
(Martínez-Miró et al., 2016). Corticotropin-releasing factor is released from the 
hypothalamus in response to a stressful stimulus. This in turn causes adrenocorticotropic 
hormone (ACTH) to be released from the anterior pituitary. Released ACTH then acts on 
the adrenal gland. The cortex of the adrenal gland produces and releases glucocorticoids. 
Glucocorticoids result in the inhibition of LH release and testosterone production (Reid 
and Smith, 1992). Acute stress leads to decreasing blood concentrations of these 
hormones, but chronic stress usually results in the inhibition of the reproductive system. 
Coping with Ambient Temperatures above the Thermoneutral Zone 
Heat stress results from a thermal imbalance; the animal produces more heat than 
can be dissipated to the environment without a change in behavior, leading to decreases 
in feed intake, growth, feed efficiency, and reproductive rate (Nienaber and Brown-
Brandl, 2009). Boars will react in both physiological and behavioral avenues in an 
attempt to maintain core temperature. The first observable indicator of stress is cited to be 
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increases in respiration rate (Brown-Brandl et al., 2001). Brown-Brandl et al. illustrated 
that respiration rate and temperature have a positive exponential correlation (Brown-
Brandl et al., 1998). It has been shown that pigs undergo an acclimation period to high 
ambient temperatures until a critical temperature is met that they can no longer 
successfully dissipate heat production, and therefore, their respiration rates increase in 
order to dissipate more heat (Brown-Brandl et al., 1998).  In an experiment delving into 
moisture loss of swine at fixed temperatures variable relative humidity, Morrrison et al. 
(1967) observed moisture loss from the lungs from 15.5 to 29.4° C tripled. This increase 
was not associated with an increase in moisture production levels from the epithelium of 
the respiratory system, but associated with a drastic increase respiratory rate. Loss of 
moisture from a pig is tied directly to evaporative cooling.  
Concomitant with the increase in moisture loss from the lungs is an increase in the 
moisture loss from the skin surface. Estimates of total heat loss through the skin are 
around half of heat production at TN temperatures and up to two thirds under HS 
conditions. However, due to inability of pig sweat glands to respond to increasing 
ambient temperature (McNitt et al., 1972a) swine are not able to successfully overcome 
severe thermal stress. Animals exposed to high ambient temperatures may also have 
increased skin surface temperatures. This is due to the shunting of warm blood from the 
core to the surface in order to increase conductive or convective cooling (Willmer et al., 
2005). Another mechanism of cooling used by many artiodactyls is a countercurrent 
exchange of blood travelling to the brain. In a study conducted on Thomson’s gazelle 
(Gazella thomsonii) and eland (Taurotragus oryx), a close association was established 
between arterial and venous bloodflow coming to the brain and from the nasal passages 
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(Taylor et al., 1972). This countercurrent exchange allows mitigation of short term 
hyperthermia, i.e. running from a predator, while maintaining a cool brain. Decreasing 
feed intake is another strategy used to reduce metabolic heat production. Pigs under 
hyperthermic conditions will increase water intake (Brown-Brandl et al., 1998; Flowers, 
1998). These physiological alterations are paired with behavioral alterations including 
decreased libido, increased lying, decreased movement and activity and, when access is 
allowed, wallowing behavior is initiated. Pigs in wild will wallow to increase surface 
evaporative cooling as well as decreasing external parasite access. These mechanisms are 
geared toward maintaining core temperature. 
 The boar has extensive systems to maintain core temperature; however the boar 
must also maintain proper testicular temperature. Without variable blood flow and muscle 
contraction/relaxation the temperature of the testis would be constant and near core 
temperature at a stable ambient temperature (Stone, 1981). However, most mammalian 
spermatogenesis occurs most efficiently when the testis is maintained around 2 to 4° C 
below core temperature (Hansen, 2009). Mazzarri et al. (1968) suggested that the 
testicular function of boars is sensitive to thermal insults. Stone (1981) designed an 
experiment to determine the temperatures within the scrotum at TN and with increasing 
temperatures in relation to rectal temperature.  Boars were implanted with thermocouples 
in intratesticular, cauda and caput epididymis tissues. Three boars were used to evaluate 
TN conditions and one additional boar was subjected to acute HS starting at 23° C and 
reaching up to 38° C.  The mean tissue temperatures under TN conditions were: 
intratesticular 35.5 + 0.2° C, caput epididymis 36.8+0.1° C, cauda epididymis 36.5+0.1° 
C and rectum 38.2+0.1° C. This experiment showed that intratesticular, caput and cauda 
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epididymides were maintained at 2.5, 1.5 and 1.9° C below rectal temperature within the 
TN zone. These differences are similar to those reported in  previous studies conducted in 
male rats (Brooks, 1973) as well as previous studies in boars (McNitt et al., 1972b). 
Under HS conditions the differential between core and testis dissipated with increasing 
intensity of thermal insult (McNitt et al., 1972b; Stone, 1981). In comparison with most 
other mammals studied, boars tend to show a smaller temperature differential, 
presumably due to scrotal attachment and lack of efficient sweating for heat dissipation.  
 One of the main drivers of the thermoregulatory ability of the reproductive 
system of the boar is the scrotum. Stone (1981) theorized that heat dissipation from the 
scrotum would be constant at a stable ambient temperature and that variation to blood 
flow would be the most likely factor leading to temperature differential maintenance. The 
testis of the boar is isothermal, having little variation dorsoventrally or craniocaudally 
(McNitt et al., 1972b). This indicates a sharp temperature gradient is maintained at the 
margin of the testis in contact with the scrotum. The means by which the scrotum allows 
the steep gradient is a combination of bloodflow variation in conjunction with heat loss to 
the environment. Although no thermal sweating is observed on the scrotal surface, the 
boar’s scrotum does have a large number of apocrine glands (McNitt et al., 1972a). 
McNitt et al. observed that the glands did not alter secretions in response to increasing 
ambient temperatures and that the basal secretions were not large but, the glands may 
represent a possible heat loss mechanism of around 20% of the heat load of the scrotal 
system. The rest of the heat loss is thought to be due to convective and conductive heat 
loss to the environment. As the environmental temperature increases, the boar eventually 
loses his capacity to maintain a normal body temperature and becomes hyperthermic 
 20 
 
(Stone, 1981). Hyperthermia (increased body temperature) leads to an increase in the 
temperature of blood entering the testis and thus an increase in testicular temperature. 
Coupled with this is a reduced temperature gradient between the scrotum and the air 
surrounding the scrotum when the environmental temperature is high, reducing the 
capacity of the testicles to cool themselves. The end result is an increase in testicular 
temperature during periods of elevated ambient temperature. Parrish et al. (2017) 
illustrated the importance of  scrotal heat loss by insulating the scrotum of boars. Layers 
of cotton batting, Mylar, nylon and canvas were affixed over the scrotum and the under 
inguinal region below the pampiniform plexus. At 48 h scrotal surface temperature had 
increased from 32.1 + 0.4 to 34.0 + 0.3° C and temperature monitors directly underneath 
the skin showed an increase from 34.9 + 0.3 to 38.0 + 0.3° C.  The heat loss of the 
scrotum is vital and acts as a primer for blood heat exchange, increasing the efficiency of 
the blood heat exchange occurring in the pampiniform plexus cooling blood before it 
reaches the testis of the boar. 
The pampiniform plexus is a vascular cone comprised of closely associated veins 
and arteries travelling to and from the scrotum and testis. The vascular beds associated 
with this system have been shown to transfer inert gases (Sørensen et al., 1991) as well as 
hormones and other substances (Rerkamnuaychoke et al., 1990). These transfers are 
coupled with heat exchange that approaches 91% efficiency (Sorensen et al., 1991). This 
feat is accomplished by an increase in the convolution of arteries with a decrease in 
pressure.  This slows the blood travelling through by increasing resistance which leads to 
a drastic increase in the exchange rate of heat and molecules. As the environmental 
temperature increases, the boar eventually loses his capacity to maintain a normal body 
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temperature and becomes hyperthermic (Stone, 1981). High levels of scrotal insulation 
for 84-96 hours led to sperm production crashing to null after three weeks and not 
returning for at least 60 days (Parrish et al. 2017). The testis function has been shown to 
be severely impacted by as little as a 1 to 1.5° C change in testicular temperature (Parrish 
et al., 2015).  
Impact of Heat Stress on Spermatogenesis 
 There have been many approaches to studying swine heat stress and its effects on 
boars. Ambient conditions (Suriyasomboon et al., 2004; Kunavongkrit et al., 2005), 
environmental chambers (Cameron and Blackshaw, 1980; Stone, 1982; Stone and 
Seamark, 1984), natural and artificial cryptorchidism (Straaten and Wensing, 1977; 
Frankenhuis and Wensing, 1979; Shikone et al., 1994; Yin et al., 1997) and, more 
recently, scrotal insulation (Parrish et al., 2015; Parrish et al., 2017) with all in general 
agreement that the damage to the spermatozoa is primarily a function of the elevated 
testicular temperature. Wettemann and Desjardins (1979) noted common responses after 
prolonged heat exposure including: lowered fertility, ejaculation of sperm with high 
proportions of abnormalities, decreased sperm output and interference with spermatocyte 
and/or spermatid maturation. The calling card of the testicular damage after thermal 
insult is the short-term lag followed by a long term carry-over effect on semen quality. 
Both Wettemann et al. (1976) and Cameron and Blackshaw (1980) reported in boars that 
2 weeks were required after a thermal insult before abnormal spermatozoa appeared, and 
five weeks were required before the ejaculate returned to normal.  In production settings, 
the period between maximum environmental temperature and onset of abnormality may 
be closer to 5 to 6 weeks, but the relationship between elevated environmental 
 22 
 
temperature and unacceptable ejaculates and fewer insemination doses per ejaculate is 
clear (Flowers, 1997). This leads to a situation in which boar stud managers must exert 
more resources toward maintaining boar ambient environments as close to the TN zone 
as possible. 
Management 
Whole Barn Cooling 
 The approach most commonly utilized to cool boars is to decrease ambient 
temperature of the barn. Air conditioning is the most effective at maintaining boars at the 
optimal temperature. However, initial investments and operational costs and maintenance 
limit its use. A survey conducted in 2008  showed that air conditioning use among boar 
studs was estimated to be around 7% (Knox et al., 2008). This same study illustrated that 
the most common practice is evaporative cooling cells, which is less effective but used in 
around 74% of boar studs. This system relies on air being pulled through a water filled 
corrugated mat before reaching the boars. By drawing the air through the mats, air 
decreases in temperature while increasing in relative humidity. Mechanical cooling, fan 
forced/drawn air across the pigs, is used by approximately 44% of boar studs even though 
this standalone strategy is less effective than evaporative cooling but some studs use 
mechanical cooling in concert with evaporative cooling. A further 5% of boar studs 
utilize no barn cooling strategies. 
Additive Cooling  
 The value of additive cooling has been studied in other systems previously. 
Evaporative cooling and conductive cooling are two commonly studied strategies. 
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Evaporative additive cooling relies on water applied to the skin of an animal to increase 
the amount of heat loss due to evaporation. In non-confinement settings, it was shown 
that addition of water to the back of the pig drastically increased the heat loss of the pig 
(Ingram, 1965). Mud, when applied to the back of the pig, raised the evaporative heat 
loss potential near that of a sweating man. Outdoor housed boars given access to shade, 
shade and sprinklers and a control cooled chamber were compared on numerous sperm 
characteristics by Wettemann et al. (1977).  Boars allowed only shade in summer 
exhibited lower sperm quality and increased respiration rate, showing the boars were 
suffering from heat stress. The shade and sprinkler provided boars respiration rates as 
well as semen quality similar to the control boars. The efficiency of evaporative cooling 
is most effective when humidity is low. An alternative strategy is to allow access to a 
cooled object (typically flooring) in which the animal can interact directly and transfer 
body heat through contact. A recent study conducted in dairy cattle exemplified the 
abilities of the conductive cooling pads. The pads were placed under sand-bedded 
freestalls while lactating cows were subjected to HS (Ortiz et al., 2015). This study 
reported a decrease in the rectal temperature of approximately 0.2 ° C. A similar study 
found cows provided with cooling pads reduced rectal temperature by 1° C and 
respiration rate by 18 breaths per minute (Perano et al., 2015). Cooling pads have also 
been studied extensively in gestating and lactating sows and gilts. In a preference study, 
gilts were shown to prefer conductive cooling pads during high ambient temperatures 
over cooling drippers or snout coolers (Bull et al., 1997). Conductive cooling pads were 
shown to have decreased rectal temperature and respiration rate compared to non-
mitigated heat stressed controls. Neither cooling drippers nor snout coolers were shown 
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to have any effect on rectal temperature or respiration rate in this study. The effects of 
additive cooling has gone largely unstudied in modern confinement settings. 
Alternative Semen Handling 
 The current practice in semen handling is to dilute and add extenders to the 
mixture to increase the length of viability of the dose. However, these extenders have a 
limited lifespan and as time passes sperm quality diminishes. Other sectors of animal 
agriculture use cryopreservation as a way to alleviate female summertime infertility. 
Porcine sperm has a high incidence of cryopreservation-induced biophysical damage that 
results in increased membrane disorders, cholesterol efflux and early capacitated sperm 
(Vadnais and Althouse, 2011). Although cryopreservation works in other systems it will 
likely not be used as an industry wide solution to swine subjected to HS conditions. 
Bailey et al. (2008) indicate that although this practice is not viable for the industry as a 
whole, cryopreservation could be used for controlling transmission of certain pathogens, 
decreasing the effects of wide spread contagions in the industry as well as allowing for 
long distance shipping of genetics and preservation of heritage breeds. 
Conclusions 
 The goal of this review was to describe the process of spermatogenesis, the effect 
of heat stress, management to combat heat stress in the production setting and the 
benefits of additive cooling. Heat stress has been shown to negatively affect the quality 
and production of spermatozoa in boars. This is due to damages inflicted to developing 
germ cells. This is thought to affect spermatocytes and spermatids most drastically. These 
damages lead to decreases in semen quality forcing boar stud managers to implement 
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strategies to cope with decreases in summertime fertility. Additional research to 
determine if additive cooling would yield an appreciable increase in sperm quality in the 
current confinement setting would benefit our current understanding of the efficacy of 
cooling efforts. 
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CHAPTER 3 
 
EFFECTS OF MITIGATION OF BOARS SUBJECTED TO HEAT STRESS 
 
Introduction 
 High ambient temperatures and humidity during the summer quarter have been 
shown to have detrimental effects on the fertility of boars. St. Pierre et al. (2003) 
estimated the annual losses as a direct impact of heat stress (HS) on the U.S. swine 
industry to cost $300 million dollars. This value is likely much higher today due to 
inflation and rising feed costs. Heat stress has been shown to drastically reduce sperm 
quality (Hansen, 2009). Wettemann et al. (1976) demonstrated that gilts artificially 
inseminated with semen from heat stress boars had lower fertility when compared to gilts 
bred with non-heat stress semen. Studies have shown that two weeks elapse before the 
detrimental effects of heat stress can be observed, and that five weeks were required 
before semen quality returned to normal levels after the end of heat stress (Wettemann et 
al., 1976 and Cameron and Blackshaw, 1980). This means that even brief events of 
intense heat stress can have lasting effects on boar fertility that can affect conception rate 
and litter size for weeks after the event. 
 Boar stud facilities have acknowledged their facilities are seeing a drop in sperm 
production and quality during the summertime months. The main goal of the boar studs is 
to cool the boars sufficiently to increase quality without increasing costs by an 
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uneconomical amount. Little research has been done to understand the efficacy of current 
cooling strategies and whether an investment in additive cooling would have an 
appreciable effect on boar sperm.  
 
MATERIALS AND METHODS 
Animals and Facilities 
 All animal procedures were reviewed and approved by the Animal Care and Use 
Committee of the University of Missouri (Protocol #8784). Twelve Large White x 
Landrace F1 (Choice Genetics® West Des Moines, IA, USA) boars were raised at the 
University Swine Research Complex (Columbia, MO, USA) before being  transported 
into the Brody Environmental Chambers (BEC) at six months of age. Boars were moved 
into the BEC in October of 2016 and remained there until transport to the University of 
Missouri abattoir for sacrifice at the end of the study in June of 2017. All boars were 
housed in individual stalls (61.6 x 227.3 cm) in a single chamber (9.3 x 5.2 m). Summer 
temperature regimes were calculated using temperature and relative humidity data 
collected from 11 boar studs from June to August 2016 (Pro V2 Hobologgers ® Onset 
Computer Corporation, Bourne, MA, USA). The flooring -alternated between full Tri-
Cast cast iron slatted flooring and cast Cool Sow System ® (52.7 x 64.8 cm plate) under 
the shoulder of the boar connected to Tri-Cast flooring for the remainder of the stall 
(Nooyen Pig Flooring, Deurne, Netherlands). The flooring was elevated on pressure 
treated wooden boards (38 x 140 x 227 cm) to allow food and excrement to be pushed 
into the flush gutter beneath as well as limiting the boar’s ability to create and lay in 
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puddles from the nipple waterers. Each stall had a single nipple waterer that allowed 
boars ad libitum access to water. Boars were limited to body length plus 15% to ensure 
that the applied treatments could not be nullified by movement of the boar. Chamber 
temperature and percent relative humidity were monitored by chamber instrumentation 
and by four Pro V2 Hobologgers ® (Onset Computer Corporation, Bourne, MA, USA) 
placed around the room at boar height. Evaporative cooling drippers (CETA ® Pressure 
Compensating Drippers) were set and verified at a rate of 3.79 liters per hour. Drippers 
were fed by polyethylene tubing carrying tap water from the spigot in the chambers. 
Square axial fans (6 x 6 cm) were used during the evaporative cooling portions of this 
study. The fans were placed so that air flow would be 2.83 cubic meters per minute at the 
skin of the boar. Conductive cooling pads (Cool Sow Flooring ®) were fed by 
polyethylene tubing with tap water. Six Seametrics Pulse Meters (ONICON 
Measurement Solutions, Kent, WA, USA) were used to measure the flow rates of each 
cooling pad. Boars with either rectal temperature above 40° C or respiration rate above 
60 bpm were cooled with running water (19° C). 
Surgery 
Boars were fasted overnight in preparation for surgery. Boars were anesthetized 
by intravascular injection of 2 mg/kg ketamine and 0.5 mg/kg xylazine into the ear vein, 
then maintained in 2-3% isoflurane inhalational anesthesia throughout the surgical 
procedure. Once anesthetized, the right flank region was clipped of hair and the animal 
moved onto a surgical table. Heart rate, respiratory rate and palpebral reflexes were 
monitored throughout the procedure. Boars were positioned in right lateral recumbancy to 
allow for access to both the left flank region and the scrotum. A surgical scrub of 
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betadine followed by alcohol, repeated three times was performed over both the left 
lateral flank region as well as the scrotum. An approximately 5 cm incision was made in 
the left flank, through the cutaneous trunci and the external abdominal oblique muscle to 
the level of the peritoneum. Stay sutures were placed through a sterile silicone collar 
fitted around the Anipill ® Temperature Implant Model 0.1C (Data Sciences 
International; St. Paul, MN) and the implant sutured in place directly against the 
peritoneum. The incision was closed with absorbable sutures in three layers, ending with 
the skin and subcutaneous tissue closed in a subcuticular pattern with buried suture. In 
the same position on the flank, a 1 cm incision was made in the center of the scrotum and 
the testis bluntly dissected to the level of the parietal layer of the vaginal tunic. The 
Anipill temperature implant was fitted with a sterile silicone collar and a stay suture of 
nonabsorbable suture attached. The stay suture was anchored deep into the vaginal tunic 
and the Anipill pulled into the incision and cavity created between the testes. The tunic 
was closed with absorbable suture over the Anipill implant and the skin closed with a 
cruciate subcuticular suture. After surgery pigs were given 2.2 mg/kg flunixin meglumine 
intramuscular at the time of surgery and were continued on oral meloxicam at 0.5 mg/kg 
post-operatively for 7 d. Incisions were observed daily until completely healed. 
Experimental Design 
Trial #1-Evaluation of Evaporative Cooling. Upon arrival boars were randomly assigned 
to a stall. Boars when not under heat stress (HS) condition were held at thermoneutral 
conditions (TN; 18 to 20 ° C) (Figure 3.1). Chamber temperature and relative humidity 
setpoints for HS and heat wave (HW) conditions were set based on the average of all 
surveyed boar stud facilities (excluding air conditioned studs) (Figure 3.2 and 3.3). Boars 
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were given 14 days at TN to recover from surgery. Chamber temperatures were adjusted 
to an average summer day, and the boars were given 7 days without mitigation to 
acclimatize. Heat stress temperatures ranged from 21.4 to 26 ° C (Figure 3.4) and percent 
relative humidity (RH) from 56 to 72% (Figure 3.5). A randomized 10 x 10 Latin Square 
was used to assign boars to treatment for a period of three days (Table 3.1). Each 
treatment was present in each period, and each boar was subjected to each treatment. 
Treatments were switched at approximately 0715 h for each new period.  
Boars were subjected to a heat wave (HW) regime following the final HS Latin 
Square period. Heat wave regime temperatures were calculated by taking the average of 
the three consecutive highest Temperature Humidity Index (THI) value days from boar 
stud datasets based on the formula by Thom (1959) and NOAA (1976): 
THI = (0.81*Temp) + ((relative humidity/100) * (Temp-14.41)) + 46.4 
Calculated HW regime temperatures ranged from 24.3 to 31.3 ° C and 59 to 73% RH 
(Figure 3.4 and 3.5). Boars were then subjected to the same randomized 10 x 10 Latin 
Square used in the HS portion. Following the final period boars were returned to the TN 
regime and allowed to reacclimatize for 7 days. 
Trial #2-Evaluation of Conductive cooling. Boars were then subjected to the HS regime 
for 7 days before mitigation was applied (Figure 3.1).  A switch back design was used for 
this portion of the study with a 7 day period. Heat stress temperatures ranged from 21.5 to 
25.6° C (Figure.3.6) and relative humidity (RH) from 62 to 74% (Figure 3.7). Boars were 
assigned to treatment based on stall number. Odd numbered stalls (1, 3, 5, 7, 9, and 11) 
were assembled with the Cool Sow Flooring ® at the front of the stall followed by Tri-
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Cast flooring for the remainder of the stall. Even numbered stall floors were entirely 
composed of Tri-Cast flooring. Boars were placed on the cooling pads (water flowing) 
for 7 days of HS before being moved to a control floor stall for 7 days (stalls 2, 4, 6, 8, 
10, 12). Boars on control floor were subjected to 7 days of HS on control flooring before 
switching with the boars on cooling pad stalls. To minimize stress during the transition to 
a new stall, boars were switched in doublets (1 and 2, 3 and 4, etc.). Immediately after the 
second period of HS boars were moved back to their original stalls. The same switchback 
design was applied to the boars under HW conditions. Heat wave temperatures ranged 
from 21.5 to 31°C (Figure 3.6) and relative humidity (RH) from 61 to 73% (Figure 3.7). 
Trial #3-Evaluation of Most Effective Strategy. The most effective mitigation strategy 
was defined as the strategy best able to maintain the testicular temperature gradient of 
near or greater than 2 to 4 ° C below core temperature under HS conditions (Mazzarri, 
1968, McNitt et al., 1972b; McNitt et al., 1972a; Stone, 1981). The chamber was set to 
the TN regime for 14 days to allow for acclimation and setup of the treatment. Six of the 
boars received the most effective strategy (HS w/ mitigation) and six boars received no 
mitigation (HS w/o mitigation). Chamber temperatures and RH cycles were set as the HS 
regime. This period was 56 days in length. This ensured that the spermatogenesis (34 
days for spermatogonium to become spermatozoon) and epididymal passage (9-14 days) 
of the spermatozoa stored in the tail of the epididymides were under HS conditions and 
the assigned treatment (Figure 3.1).  
On June 6, 2017 boars were moved from the chamber to the University of 
Missouri Abattoir. Once there, boars were slaughtered using electrical stunning followed 
by exsanguination under USDA inspection, and the testis and epididymides collected for 
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evaluation. The collection process was conducted according to the protocol described by 
Fischer et al. (2005). To assess the degree of germ cell apoptosis/necrosis in the testis, 
tissues were fixed in formaldehyde and used for TUNEL staining (single 
stranded/fragmented DNA) as described in previous studies (Tengowski et al., 2005).  
Analysis by epifluorescence microscopy was utilized to count and calculate the 
number of TUNEL-positive apoptotic/necrotic cells per seminiferous tubule in 5 non-
serial tissue sections/testis and 10 round shaped tubule cross-sections per section. Image 
based flow cytometry (IFC) was utilized to analyze epididymal sperm samples 
(FlowSight® System, AMNIS®, Milipore Sigma, St. Louis, MO, U.S.A.). IFC was used 
to asses sperm DNA fragmentation (TUNEL; Sutovsky et al., 2002) ubiquitination (anti-
ubiquitin/UBB antibody; Lovercamp et al., 2007), sperm surface glycosylation (lectin 
LCA; Kennedy et al., 2014) and acrosomal abnormalities (lectin PNA; Odhiambo et al., 
2011). Scatter diagrams and histograms of relative biomarker/probe induced fluorescence 
were acquired and divided to gate of the biomarker positive/negative cells. Percentages of 
cells within gated subpopulations as well as their median relative fluorescence intensities 
were compared between treatments by SAS tools as described (Kennedy et al., 2014). 
Sperm samples were fixed on slides from each of the epididymides of each boar. Ten 
randomly located, non-converging photos were taken of each sample from which ten 
sperm were categorized based on morphology. 
Thermal Response Measurements. 
 Thermal response measurements were taken twice daily (0700 and 1500). Skin 
surface temperature was recorded on the ear, shoulder and midline of the scrotum with an 
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infrared temperature gun (Raytek, Evertt, WA, USA). Hair was routinely shaved from 
these areas to ensure accuracy of skin temperature and consistency of placement. Rectal 
temperature was measured using a Model 8110-20 thermistor thermometer (Cole-Parmer 
Instrument Company, Vernon Hills, IL, USA). Respiration was recorded as respirations 
per minute by counting thoracic movements. All boars were implanted with one Anipill 
® Temperature Implant Model 0.1C (Data Sciences International; St. Paul, MN) between 
belly wall and peritoneum and the other between the testicular tunics. The devices 
weighed 1.7 g with an implant volume of 1.12 cc. The devices measured temperature 
every 15 minutes and stored up to 2,000 points of data, transmitting data wirelessly to a 
monitor brought into the room daily.  
Feeding 
 Boars were fed a standard corn-soybean meal gestation diet at 0615 h using 
rubber feed tubs (Table 3.2). Feed amount offered was based on maintenance of a body 
condition score of 3 on a 1 to 5 scale. Thirty minutes was given to the boars to finish 
eating. Any boar that did not finish feed was noted.  
Statistical Analysis 
 Each boar was initially exposed to each treatment under both HS and HW 
regimes. Data with multiple measures per boar (internal temperature, surface 
temperature, respiration rate, rectal temperatures, etc.) were analyzed using a mixed 
model procedure in SAS (PROC MIXED). The external response measures model 
included the main effects of treatment, period, time of day (Anipill data), am/pm 
(physical measures) and two way interactions. The internal pill temperatures model 
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included location in body, period and time as well as the interactions. Sperm morphology 
was analyzed using the general linear models procedure of SAS (PROC GLM). The 
model included the main effects of treatment and side. Boar nested within treatment and 
replicate was defined as the random variable. Data are presented as least-squares means + 
standard error of the least square mean. Means were considered significant at P <0.05. 
 
RESULTS  
Trial #1- Evaluation of Evaporative Cooling 
 Boars subjected to heat stress and mitigated with evaporative cooling did not 
show significant changes in rectal temperature (P>0.17) (Table 3.3). However, significant 
differences were observed between measurements taken at 0700 and 1500 h (P<0.02). 
Evaporative cooling was shown to have significant effects on shoulder, ear and scrotal 
surface temperatures (P<0.0001, Table 3.3). Respiration rate under HS conditions did not 
show an effect of treatment and ranged from 18.1+ 1.3 to 22.9+ 1.3 (Table 3.3). During 
the evaluation of the evaporative cooling treatments, severe communication issues were 
experienced with the internal temperature sensors leading to data collection below 
expected values based on internal temperature sensor guarantees (Figure 3.8). Only 8% of 
expected abdominal temperatures were collected and 22% of expected testicular 
temperatures were collected from 3 of the 10 boars in Trial #1 during the HS portion 
(Figure 3.1 and 3.8). The data collected from internal abdominal sensors showed that 
evaporative cooling did not cause differences from the untreated control abdominal 
temperatures (Figure 3.9). The evaporative cooling strategy with both fans and drippers 
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on scrotum (treatment G) was shown to be able to maintain a lower testicular temperature 
over the day (Figure 3.10) without a change in abdominal temperature (P<0.26) (Figure 
3.9). However, this data was not able to be downloaded until after the boars were 
sacrificed and the temperature devices were removed. At the time of treatment selection, 
the treatment with drippers and fans applied to the neck and scrotum (treatment J) was 
shown to have the lowest overall testicular temperature (33.0+0.3) for which data were 
available. This combined with the most advantageous combination of thermal response 
variables (lowest ear, shoulder and scrotal temperature and lowest respiration rate). 
Treatment J was selected to treat the boars for the final trial. Least Squares means 
differences between control (treatment A) and the other treatments is displayed in Figure 
3.11. Drastic increases in both testicular and abdominal temperatures immediately 
followed feeding in the morning (Figures 3.9, 3.10, 3.12 and 3.13).  
Under heat wave conditions, shoulder, ear, scrotal surface temperatures, 
respiration rate and rectal temperature were significantly affected by mitigation (Table 
3.4). There was no significant impact of mitigation on core temperature among 
evaporative cooling treatments (Figure 3.12). Numerically, during HW temperature 
regimes, the fan and dripper on the scrotum only (treatment G) was shown to maintain 
the lowest internal testicular temperature (32.9+0.3) (Figure 3.13). However, there was 
no significant difference among treatments E, G, H and J (Figure 3.13) all of which 
employed scrotal drippers. Difference of treatment LS means from the control (treatment 
A) is displayed in Figure 3.14. 
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Trial #2- Evaluation of Conductive Cooling 
 Boars subjected to heat stress and mitigated with conductive cooling showed no 
effect on thermal response variables (Table 3.5). Neither internal abdominal nor testicular 
temperature differed significantly between control flooring and cooled flooring 
(38.8+0.7, 38.9+0.7 respectively, P>0.2 and 34.1+0.2, 34.3+0.7, P>0.5) (Figures 3.15 and 
3.16). There was no significant effect of conductive cooling on thermal response 
variables under HW conditions (Table 3.6). No significant effect was observed on core 
temperature nor internal testicular temperature among mitigated or unmitigated boars 
under HW conditions (Figures 3.17 and 3.18). However, afternoon shoulder and RR 
differed between the control and cooled boars (35.4+0.2, 35.9+0.2, P= 0.05 and 29.2+2.3, 
37.0+2.3, P=0.025). Similar to evaporative cooled boars, no differences in core 
temperature were observed between conductively cooled and control boars under HS 
(Figure 3.15) or HW (Figure 3.17) conditions.  
Trial #3- Evaluation of Most Effective Strategy 
 Due to the poor quantity of internal temperature sensor data from trials 1 and 2, 
the decision of the most effective strategy was based heavily on the thermal response data 
(Figure 3.8). The comparison between evaporative cooling and conductive cooling 
measures is displayed in Table 3.7. Greater numerical reductions of temperature between 
cooling and control shoulder, ear and scrotal surface temperature were observed for the 
evaporative cooling compared to conductive cooling (-0.8, -5.3, -3.8 °C respectively for 
evaporative and -0.1, -0.8, -0.1°C respectively for conductive cooling). Respiration rate 
was reduced to a greater extent under conductive cooling compared to evaporative 
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cooling (-2.5, -1.4 bpm respectively). Abdominal temperatures were similar between 
groups (39.1+0.2, 38.9+0.7 for evaporative and conductive respectively) (Figure 3.19). 
Internal testicular temperatures were greatly reduced in the evaporative cooled boars 
compared to the conductively cooled boars (33.2+0.03, 34.3+0.2 for evaporative and 
conductive cooling) (Figure 3.20). Evaporative cooling contemporary controls (boars 
without mitigation) had an average internal testicular temperature of 34.7+0.03 under HS 
conditions, above that of the contemporary conductive cooling control (34.1+0.2) under 
similar HS conditions. Based on this information, the evaporative cooling strategy of both 
drippers and fans on the neck and scrotum was selected for evaluation during trial #3. 
 Final heat stress temperatures ranged from 18.4 to 26.1°C, and relative humidity 
ranged from 55.3 to 78.6 % (Figure 3.21). Thermal response data from the boars showed 
an effect of both treatment and time. Shoulder, ear and scrotal skin surface temperatures 
were reduced in heat stress with mitigation boars (HS w/ Mitigation) compared to heat 
stressed without mitigation boars (HS w/o Mitigation) (Table 3.8). There was no effect of 
treatment on rectal temperature compared to unmitigated boars (P > 0.68). Similar to the 
previous trials, no difference was observed in core temperature taken from both groups 
(P>0.9) (Figure 3.22). The mitigated boars had a lower average testicular temperature 
compared to unmitigated boars (33.1+0.4, 33.9+0.4 respectively, P<0.001) (Figure 3.23). 
Although there were no contemporary controls, overlaid testicular data collected in the 
TN period preceding trial #3 illustrate that HS w/ mitigation testicular temperature 
closely resemble those taken under TN conditions (Figure 3.24). On average HS w/ 
mitigation testes were 0.9°C lower than boars without mitigation. When differences were 
limited to the hottest part of the day (1200 to 2000 h), the differences between treatments 
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increased to 1.1°C. At the end of trial #3, mitigated and unmitigated boar average weight 
did not differ (161.9+4.6, 161.6+4.6 kg, respectively, P>0.05). 
Spermatogonia DNA Damage 
 Testicular tissue samples treated with TUNEL staining showed that the mitigated 
boars had less DNA damage in the spermatogonia when compared to unmitigated boars 
(1.4+0.4%, 3.3+0.4% respectively, P=0.0008). It was noted that 77% of boars were 
observed to have cellular debris in the lumen of the seminiferous tubules with no 
statistical difference between treatments (73+6.3% mitigated, 80+6.3% unmitigated).  
Spermatozoa Data 
 The morphological classification of specific categories of abnormal spermatozoa 
showed no significant difference between boars with and without mitigation for midpiece 
abnormalities and proximal cytoplasmic droplet presence (Table 3.9). Boars with 
mitigation yielded greater proportions of morphologically normal sperm than unmitigated 
boars (19.9+1.7 vs. 5.3+1.7, P < 0.0001) (Table 3.9). Tail abnormalities were observed in 
higher numbers in unmitigated boars than mitigated boars (59.4+3.5 vs. 37.7+3.5, P = 
0.0003) (Table 3.9). Mitigated boars showed average head abnormalities at 8.0+1.5 % 
compared to 15.3+1.5% in unmitigated boars (P = 0.003) (Table 3.9). 
Image Based Flow Cytometry 
 No significant differences were observed in the IFC spermatozoa data (Table 
3.10). Large variation was observed for all testing parameters. Tail ubiquitination was 
numerically lower in mitigated than unmitigated boars (27.6+10.5 vs. 51.2+10.5 
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respectively), although not statistically significant (Table 3.10). Tail LCA staining, 
indicating the surface of defective spermatozoa, had a tendency to be lower in mitigated 
boars with 6.8+9.3% spermatozoa showing staining compared to the unmitigated boars 
having 31.7+9.3% having defective tail surfaces (P < 0.1) (Table 3.10). The difference 
between percentage of good acrosomes based on PNA staining was not significant 
between treatments (57.5+11.7 vs. 36.0+10.5 for mitigated and unmitigated boars 
respectively) (Table 3.10). On all test parameters the samples from the HS w/ mitigation 
boars had greater numerical proportions on positive fertility markers and lower on 
negative markers of fertility than their unmitigated counterparts (Table 3.10). 
 
Discussion 
 Boars housed in heat stress conditions exhibited physiological responses to the 
environment. Boars subjected to heat stress had increased respiration rates and skin 
surface temperatures. These changes indicate attempts by the boar to maintain 
homeothermy when conditions rose out of the thermoneutral zone. Based on rectal 
temperature, boars were able to maintain core temperature under TN, HS and HW 
conditions. However, boars were able to maintain core-testis temperature differential 
dependent on mitigation strategy application. Evaporative cooling was shown to have 
significant effects dependent more on location of dripper than the presence of a fan. 
Conductive cooling pads, although unable to alter core or testicular temperature, were 
shown to reduce respiration rate in heat stressed boars. This would suggest that the 
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cooling pads were able to cool the boar slightly but not enough to allow for proper 
maintenance of the core-testis temperature differential.  
An assumption was made that cooling methods were not overwhelming due to the 
low incidence of shivering (attempt to increase heat production from muscles). Only two 
boars were observed to be shivering once during the HS portion of trial #1 and once 
during trial #3. The applied to the shivering boars was the use of fans and drippers on the 
neck and scrotum. The two instances of shivering were observed in two different 
individuals. Boars held under heat stress conditions and provided with mitigation for the 
duration of an entire spermatogenic cycle showed a significant reduction in testicular 
temperature. This difference was not associated with a change in core temperature. 
Average daily temperature differences between the testes of mitigated and unmitigated 
boar was 0.9°C and increased to 1.1 °C when compared at the hottest portion of the day. 
According to Parrish et al. (2015), testicular function is drastically affected by 
temperature increases of as little as l to 1.5°C. The mitigated boars were able to maintain 
a core-testis temperature difference of 5.5°C compared to the 4.8°C differential observed 
in boars without mitigation. Although these values are above the 2 to 4°C differential, 
they are numerically similar to the 5.7°C differential observed in TN periods. These 
differentials are higher than those observed by Stone (1981) who observed differentials of 
2.5 and 2.3 for TN (23°C) and HS (40°C). These measurements were taken utilizing 
thermocouples implanted 2 cm into the testis. Core temperatures were measured by rectal 
temperature. Average testis temperature was 35.7+0.1 and 36.4+0.3 under TN and HS, 
respectively. The results in the current study are better compared to the work of McNitt et 
al. (1972) with measurements taken both in the deep testis core and between the tunicas 
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of the testis. Average deep testicular temperatures of 36.40°C and 36.98°C were observed 
for TN (23°C) and HS (40°C) treatments. Temperatures between the tunicas were 
35.06°C and 35.87°C for TN and HS. Core-testis differentials were 2.62 for both TN and 
HS deep testis measurements. The observed differential between the tunicas compared to 
core temperature was 3.96°C and 3.73°C for TN and HS. The difference in observed 
average temperature and differential can be partially accounted for by differences in 
measurement (thermocouple or telemetry device) and location of measurement (shallow 
testis, deep testis and between the tunicas). The differential observed by McNitt et al. 
(1972) in the between the tunicas is most readily numerically compared to the results 
collected in this study. The measures of core temperature were similar between studies. 
The current study observed an average core temperature through the temperature implant 
of 38.93°C for TN and 38.96°C for HS without mitigation and rectal temperatures of 
38.3°C and 38.4°C for TN and HS without mitigation, respectively. McNitt et al. (1972) 
observed rectal temperatures of 39.02°C and 39.6°C for TN and HS treated boars. 
Some heat stress associated issues include loss of germ cells, tissue necrosis, 
impairment of Sertoli cells, increases in reactive oxygen species, DNA damage and 
dysregulation of spermatogenesis and spermiation. These HS associated issues were 
reviewed by Durairajanayagam et al. (2015) and found that the intensity and duration of 
HS conditions affect the extent of damage to the reproductive tissues as well as affecting 
developing germ cells. Overall, the results of the current study are in agreement with 
Wettemann et al (1977). Boars were subjected to either cool chamber, outdoor with shade 
and outdoor with shade and sprinkler conditions. The researchers found that respiration 
rates were similar between the cool chamber and shade and sprinkler boars even with 
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significantly different temperature regimes (12-23.9°C for the cool chambers and average 
outdoor ambient temperatures ranging from 26-40°C). Percentage abnormal spermatozoa 
was similar between cool chamber and shade and sprinkler boars which was significantly 
lower than the percent of abnormal spermatozoa collected from the shade only boars. 
Percent motile sperm was also lower in August for the shade only boars. This study 
concluded that the addition of evaporative cooling to the boar decreased heat stress 
response and increased sperm quality in an outdoor boar stud. Since that time, nearly all 
boar studs have boars housed indoors to better control conditions.  
  During the evaporative cooling trial, it was observed that boars treated with 
drippers and fans on the scrotum (treatment “G”) had a lower average internal testicular 
temperature than the selected treatment with both drippers and fan applied to the neck 
and scrotum (treatment “J”). This difference was not associated with a change in core 
temperature based on internal sensors (P > 0.98). Rectal temperature was lower in the 
treatment G boars than boar with treatment J treatment (38.4+0.04, 38.6+0.04 P < 0.003). 
The boars under treatment J exhibited a lower shoulder (5.3°C lower) and ear temperature 
(3.9°C lower) than boars under treatment G. Scrotal surface temperature was higher in J 
treatment boars with an average temperature 1.02°C higher than G treated boars (P < 
0.05). There are some explanations that may account for this difference. The 
effectiveness of sprinklers/drippers have been extensively examined in both dairy cattle 
(Chen et al., 2016) and pigs (Bull et al., 1997). Although the efficiency of heat loss from 
external evaporative cooling has been shown (Hellickson and Walker, 1983), it appears 
that animals will actively avoid sprinklers applied to the neck and head. Chen et al. 
(2016) examined effects of sprinkler lines placed before feed bunks and illustrated, 
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through analysis of video, that dairy cows would alter head posture to limit water applied 
to the head as well as increasing feeding time while decreasing feed bunk visit frequency. 
These behavioral alterations did not mitigate the effects of the drippers as a decrease in 
rectal temperature was observed when compared to control cows (no sprayer). Similarly 
in gilts subjected to HS conditions a preference was shown for cooling pads more often 
than snout coolers which were more often chosen over drippers (Bull et al., 1997). This 
information could possibly explain the difference observed between internal testicular 
temperatures observed in the drippers and fans applied only to the testis versus applied to 
shoulder and testis. The boars could have become stressed by the water applied to the 
head and neck area causing an increased sensitivity to stress (i.e. heat stress). 
Alternatively the boars could have tried to avoid the neck dripper and thereby altered the 
location of the scrotal dripper either off the boar or higher up the boar’s back to reduce 
the efficacy of the scrotal dripper. 
 Another possibility for the increased internal testicular temperature could be 
mixed signals received by the hypothalamus. The response of boars to increasing ambient 
temperatures was studied by Ingram and Legge (1972). The researchers utilized 
circulating water pads applied to the scrotal surface to direct heat to the testes without 
heating the whole animal. They found that at thermoneutral ambient temperatures (25°C) 
respiration rate remained unchanged even with scrotal surface temperatures being raised 
to 42°C. However, peripheral bloodflow increased and core temperature decreased. At 30 
to 32°C respiration rate increased when scrotal surface temperatures were raised to 42°C. 
When heat is applied to the scrotum and cooling (internal cooling thermode) on the 
hypothalamus or spinal cord the response to heating was greatly reduced. A possible 
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explanation for this is the multiple set point hypothesis submitted by Hammel et al 
(1963). This hypothesis suggests that a combination of signals either above or below 
specific set points are used to attenuate response to heat stress. This illustrates a possible 
avenue for boars with only testicular cooling to have a lower testicular temperature due to 
the combination of heat stress signals overriding the non-heat stress signals from the 
testes. This may allow for the boar to have increased heat loss responses when compared 
to boars where cooling is applied to both the shoulder and the scrotum. The results from 
the heat wave portion of the current study further support this hypothesis. Under high 
ambient temperature heat stress situations the cooling applied to the shoulder is not 
enough to override the heat stress signals allowing the boars to respond more holistically 
to the thermal insult. The lack of statistical difference between the testicular temperature 
of testicular only and testicular and shoulder cooled boars support this notion.  Boars 
were not expected to be cooled beyond what their metabolic rate could handle and with 
the lack of shivering this was thought to be the case. This likely means that the magnitude 
of cooling was not so great that it was doing more harm than it was aiding. 
It was also noted that during the HW portion, there was no significant difference 
among the treatments that included a testicular dripper (treatment E, G, H and J, Figures 
3.13 and 3.14). These treatments were significantly different than all other treatments 
(treatment B, C, D, F, and I) and the control (treatment A) which did not differ 
significantly from each other (Figures 3.13 and 3.14). This would indicate that under HW 
conditions the presence or absence of fans on the scrotum and any additive cooling to the 
neck provided no significant benefit to rectal temperature or internal testicular 
temperature. This may indicate that there is a critical temperature above which cooling 
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without scrotal evaporation is nearly the same as no additive cooling provided. This is 
further bolstered by the fact that during the HS portions of evaporative cooling trial the 
internal testicular temperatures of treatment G were lower than the other treatments 
including some with more locations and modes of cooling (presence of neck drippers and 
fans). Figure 3.11 illustrates that treatments without a scrotal dripper were not able to 
maintain an internal testicular temperature as low as those provided a scrotal dripper. 
This difference is not as drastic as is observed in Figure 3.14 but illustrates that two 
populations of cooling efficacy exist and that the presence of a scrotal dripper, regardless 
of any other additive cooling, was shown to reduce average testicular temperature. 
Perhaps limiting additive cooling to the boar’s scrotum allows normal response to heat 
stress on the rest of the body and allows the testes to better exchange heat to the 
environment through the heat dissipation of the scrotum. This also relates to the 
conductive cooling pad efficacy. 
In the current study the cooling pads were placed under the shoulder of the boars, 
as is used in farrowing rooms for sows. However, the effects of conductive cooling of the 
shoulder were shown to impact the core-testes temperature differential when compared to 
control floors. The effects of the cooling pad may be ameliorated if they are placed under 
the rump/scrotal area. This would allow for a more efficient priming of the pampiniform 
plexus structure through increased heat dissipation of the scrotum. 
Gross sperm morphology indicates that boars provided mitigation during periods 
of HS conditions had lower proportions of abnormal and higher proportions of normal 
spermatozoa in epididymides. This was allowed by a greater ability of the boar to 
dissipate heat when temperatures rose above TN critical temperatures. The increased heat 
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loss translated into increased ability of the boar to maintain the core-testes temperature 
differential at a level similar to boars under TN conditions. Although mitigated boars 
were able to maintain the core-testes differential more effectively than unmitigated boars, 
no significant differences were seen in midpiece abnormalities and proximal cytoplasmic 
droplet presence. Cameron and Blackshaw (1980) noted high levels of individual 
variation in abnormal spermatozoa forms following a 6 d HS period. However, they 
noted that midpiece abnormalities as well as percentage of cytoplasmic droplets showed 
no significant correlation to either scrotal heating or increased rectal temperature. The 
increase of cytoplasmic droplets may show an effect on the primary spermatocytes 
resulting in spermatozoa unable to shed the droplet in the epididymis or a long term 
effect of elevated temperature affecting the action of the epididymis.  
Mitigated boars showed a lower proportion of spermatogonia with TUNEL 
staining, indicating nicked or damaged DNA. Although spermatogonia can be 
regenerated from mitotic divisions of neighboring spermatogonia, the effects of the loss 
of spermatogonia would potentially depress the number of spermatozoa produced until 
regeneration occurs. High levels of individual variation were observed within treatment 
groups. However, nearly all (77%) of the tubules counted had varying levels of cellular 
debris. No difference was observed among treatment groups based on categorical rank of 
lumen debris abundance (0%, 1-50% and >50% of lumen). Mitigated boars had 
numerically greater proportions of seminiferous tubules that had no debris (24% of 
tubules) as well as greater than 50% filled tubules (43% of tubules) when compared to 
unmitigated boars (17% and 37% of tubules, respectively). Unmitigated boars had a 
greater proportion of tubules that were less than half filled with luminal debris (46% of 
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tubules) compared to mitigated boars with 33% of tubules. This result is similar to what 
was observed by Parrish et al. (2017). Scrotal insulation caused a significant increase in 
cellular debris when boars were subjected to scrotal insulation compared to control boars. 
A 1.8 to 2.2-fold increase was observed between the control to the insulated tubules. This 
increase was composed of detached primary, secondary spermatocytes and round 
spermatids. Based on this research we can conclude that it was likely that the boars were 
subjected to a level of heat stress that initiated testicular damage. 
A study conducted by Hess (1998) showed that increases in cellular debris can be 
initiated by a single dose of a reproductive toxicant can have lasting impacts on the testis 
and epididymis. This study found that immune response to cellular debris exacerbated the 
degree of damage. It was hypothesized that the stretching of the lumen by the bolus of 
debris caused the release of a chemotactic substance that recruits neutrophils. Neutrophils 
were shown to migrate between the junctions of the endothelial cells lining small venules 
causing local hemorrhaging. Neutrophils specifically phagocytosed the luminal debris. 
Leukocytes attempted to seal off the lumen but instead damaged the epithelium in the 
process. This has been associated with lasting subfertility. Upon sacrifice one of the 
unmitigated boars was observed to have epididymitis which may have been permissive 
by extended stress leading to reduced immune response. The gross morphology of this 
seminiferous tubules from this boar were poor when compared to the other boars. The 
tubules were characterized by large amounts of luminal debris and thin disorganized 
layers of developing germ cells. Durairajanayagam and colleagues (2015) hypothesized 
that the level of damage to cells was likely to depend on severity and duration of heat 
stress. 
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Duration and severity, coupled with varying levels of additive cooling prior to the 
final HS trial, may have contributed to the poor quality. This could also partially account 
for the lack of significant differences between mitigated and unmitigated boars using 
image-based flow cytometry (IFC). Although no statistically significant differences were 
observed, the measurements from the mitigated boars had numerically greater 
proportions of markers associated with increased fertility and lower proportions of 
negatively associated markers for all parameters. Multiple levels of variation may have 
led to the lack of differences among treatments. Boars exhibit varying levels of both 
positive and negative biomarkers of fertility before damage inducing insults. In a recent 
study conducted by Kennedy et al. (2014), post-acrosomal WW-domain binding protein 
(PAWP) was shown to have three distinct signatures within bulls. PAWP was 
hypothesized as a marker of bull sperm quality and fertility. Bulls exhibited low, medium 
and high expression with only medium expression being highly correlated with 
conception rate. Low PAWP expressing bulls were associated with small heads, coiled 
and missing tails. On the other side of the spectrum, enlarged or pyriform heads were 
move prevalent in high expressing PAWP bulls. The medium expressing bulls were 
associated with higher proportions of morphologically normal spermatozoa. This may 
explain some of the variation observed in the ubiquitin tagged IFC data (Figure 3.25). 
However, in this case the low expressing samples can fall into normal untagged 
spermatozoa or they may be untagged because the system that marks abnormal 
spermatozoa (Fig. 23). The middle section of the histogram may represent heat stress 
affected/damaged spermatozoa that are marked but the level of expression is moderate in 
intensity (Figure 3.25). Samples with high levels of expression may be indicative of 
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higher proportion of damaged/tagged spermatozoa (Figure 3.25). Expression of 
biomarkers prior to thermal insult may have provided a valuable baseline for each boar to 
compare post-HS values. This would have better accounted for individual variations in 
fertility and expression.  
There is also variation in an individual’s ability to cope with and recover from 
heat stress situations. Kunavongkrit et al. (2005) found that boars were more resistant to 
heat stress when high temperature during the day and the low temperature at night 
differed by less than 10°C. Study conditions when high and low temperature differed by 
more than 10°C and with a relative humidity greater than 90% showed greater effects of 
stress on sensitive boars that were not able to adapt to fluctuating temperatures. Recent 
studies conducted by researchers at Iowa State University (Seibert et al. 2018, Graves et 
al. 2018, Kim et al. 2018) have set out to identify traits associated with susceptibility or 
tolerance to heat stress in gilts. Prepubertal gilts (n=235) were exposed to thermoneutral 
temperatures (24 h; 21.9+0.5 °C, 62+13% RH) and then to acute heat stress (24 h; 
29.7+0.3°C, 49+8% RH) (Siebert et al. 2018). The researchers found that rectal 
temperature was highly variable among pigs during heat stress and variation was 
increased under heat stress compared to thermoneutral temperatures. Similar to the 
current study, some pigs showed little or no change in rectal temperature from 
thermoneutral to heat stress. The researchers concluded that the high level of variation in 
rectal temperature suggested that changes in rectal temperature in response to thermal 
insult is a complex phenotype that may be regulated by many factors influenced by the 
environment. The second phase of this study utilized gilts classified as tolerant or 
susceptible based on response levels to acute heat stress (Graves et al. 2018). The focus 
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of this study was to determine the effect of tolerance or susceptibility on reproductive 
performance. Heat stress susceptible gilts had shorter wean-to-estrus, increased fetus size 
and tended to have smaller corpora lutea than heat stress tolerant gilts. However, 
susceptible gilts retained their inability to cope with heat stress as effectively as their 
tolerant counterparts. The researchers concluded that there appeared to be little benefit 
for heat stress tolerance on reproductive capacity when classifying by changes in rectal 
temperature. The final phase of this study delved into identifying single nucleotide 
polymorphisms (SNPs) that lend themselves to heat tolerance or susceptibility (Kim et al. 
2018). The genetic samples from 214 crossbred gilts were analyzed to determine if 
associations between changes in rectal temperature from thermoneutral to heat stress 
environments. The researchers found that no SNPs reached set genome wide significance 
threshold. The culmination of this three phase study shows that reproductive efficiency is 
negatively correlated with tolerance to thermal insult but also that pigs have differential 
ability to cope with variations in environment. 
Improved thermal responses with decreases in internal testicular temperatures, 
similar to those observed during thermoneutral temperatures, coupled with the increases 
in quality of spermatozoa physical morphology, could indicate that boars provided 
mitigation are better suited for spermatogenesis when compared to unmitigated boars 
under HS conditions. This also could indicate that boars provided mitigation during 
periods of HS following extended periods of HS, where damages were inflicted on 
spermatogenic cells and processes, were able to recover more effectively or quickly than 
their unmitigated counterparts. 
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In summary, the use of evaporative cooling illustrated that additive cooling can 
have a significant effect on internal testicular temperature as well as thermal response 
variables to HS conditions. Additive cooling did not have a significant impact on rectal 
temperature nor core temperature. Boars subjected to HS for an entire spermatogenic 
cycle showed more favorable sperm characters when provided with evaporative additive 
cooling. This was allowed by the proper maintenance of testis temperature that allowed 
for more effective maturation of germ cells into spermatozoa. Seminiferous tubules from 
mitigated boars showed a lower proportion of DNA damaged spermatogonia compared to 
unmitigated boars. No significant differences were observed between IFC data between 
mitigated and unmitigated boars.  
 
DIRECTIONS FOR FUTURE RESEARCH 
 Further research should focus on gaining a better understanding of the ability of a 
boar to adapt to prolonged heat stress. This should include an investigation into the 
recovery of boars subjected to varying levels and durations of heat stress. Conductive 
cooling pads should be further evaluated with altered cooling location (i.e. under the 
rump of the boar). Mechanisms of heat stress induced damages to spermatogenic cells are 
not well understood and should remain a focus in this field. Research into individual 
genetic predisposition or resistance to heat stress would also allow producers to better 
manage for increased summertime temperatures. Increasing knowledge in these areas 
may allow for better management of boars in commercial production facilities. 
  
Figure 3.1. Experimental timeline for the boars for subjected to Trial 1-3 under thermoneutral, heat stress and heat wave conditions.
5
2
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Figure 3.2. Average daily temperature cycles from 11 boar studs in 5 states from June-August 2016. Temperature 
measurements were taken every 15 min for the summer quarter. 
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Figure 3.3. Average daily temperature and relative humidity from the boar stud collected data from the summer of 2016 
(n=10; A/C cooled studs not included). 
 
 
 
 
 
 
 
 
 
 55 
 
 
Figure 3.4. Ambient temperature cycle of heat stress (HS; 21.4 to 26°C) or heat wave (HW; 24.3 to 31.3°C) that boars 
(n=10) were exposed to during trial #1. The temperature data was collected every 15 minutes for the duration of the 
boars’ time in the chambers. 
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Figure 3.5. Diurnal humidity cycle that boars (n=10) were exposed to in either the heat stress (HS; RH 56 to 72%) or 
heat wave (HW; RH 59 to 73%) chamber during trial #1. Humidity data was recorded every 15 minutes for the duration 
of the boars’ stay in the chambers. 
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Figure 3.6.Ambient temperature cycle of heat stress (HS; 21.5 to 25.6°C) or heat wave (HW; 21.5 to 31°C) that boars 
(n=12) were exposed to during trial #2. The temperature data was collected every 15 minutes for the duration of the 
boars’ time in the chambers. 
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Figure 3.7. Diurnal humidity cycle that boars (n=12) were exposed to in either the heat stress (HS; RH 62 to 74%) or 
heat wave (HW; RH 61 to 73%) chamber during trial #2. Humidity data was recorded every 15 minutes for the duration 
of the boars’ stay in the chambers. 
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Figure 3.8. Comparison of the number of collected data points to the expected from the abdominal and testicular 
temperature sensors. Data is separated by trial number, thermal regime and temperature sensor location in the boar.  
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Figure 3.9. Abdominal temperature sensor data from the evaluation of evaporative cooling strategies under heat stress 
conditions (n=10).  
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Figure 3.10. Testicular temperature sensor data from the evaluation of evaporative cooling strategies subjected to heat 
stress conditions (n=10). Data shown was collected from four of the treated boars.  
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Figure 3.11. Comparisons of LS means of internal testicular temperature collected from 10 treatment boars under heat 
stress conditions to the control temperatures (heat stress without mitigation) compiled from the entire period. 
Treatments sharing lowercase letters did not differ significantly. Data was collected from four of the ten test boars.  
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Figure 3.12. Abdominal temperature sensor data from the evaluation of evaporative cooling strategies under heat wave 
conditions (n=10).  
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Figure 3.13. Testicular temperature sensor data from the evaluation of evaporative cooling strategies under heat wave 
conditions (n=10).  
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Figure 3.14. Comparisons of LS means of internal testicular temperature from 10 boars under heat wave conditions 
with mitigation to the control temperatures (heat wave without mitigation). Treatments sharing lowercase letters did not 
differ significantly.  
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Figure 3.15. Abdominal temperature sensor data from the evaluation of conductive cooling subjected to boars (n=12) 
under heat stress conditions. 
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Figure 3.16. Testicular temperature sensor data from the evaluation of conductive cooling subjected to boars (n=12) 
under heat stress conditions. 
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Figure 3.17. Abdominal temperature sensor data from the evaluation of conductive cooling subjected to boars (n=12) 
under heat wave conditions. 
 
 
 
 
 
 69 
 
 
Figure 3.18. Testicular temperature sensor data from the evaluation of conductive cooling subjected to boars (n=12) 
under heat wave conditions. 
 
 
 
 
 
 70 
 
 
Figure 3.19. Comparison of abdominal temperatures of the most effective evaporative and conductive cooling strategies 
compared to the contemporary controls of each under HS conditions. Evaporative cooling (n=10) Conductive cooling 
(n=12). 
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Figure 3.20.Comparison of testicular temperatures of the most effective evaporative and conductive cooling strategies 
compared to the contemporary controls of each. Evaporative cooling (n=10) Conductive cooling (n=12). 
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Figure 3.21. Diurnal cycles that boars (n=12) were subjected to in trial #3. Heat stress temperatures ranged from 18.4 to 
26.1°C and relative humidity ranged from 55.3 to 78.6 %. Temperature and humidity data were recorded every 15 
minutes for the duration of the boars’ stay in the chambers. 
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Figure 3.22. Comparison of abdominal temperatures of the most effective heat stress mitigation strategy to the control 
of heat stress without mitigation.  
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Figure 3.23. Comparison of testicular temperatures of the most effective heat stress mitigation strategy (n=6) to the 
control of heat stress without mitigation (n=6).  
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Figure 3.24. Comparison of testicular temperatures of the most effective heat stress mitigation strategy (n=6) to the 
control of heat stress without mitigation (n=6).  Although there was no contemporary control, the testicular data from 
the TN period immediately preceding trial #3 was overlaid for reference (n=12). 
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Figure 3.25. Histogram of ubiquitin tagged tail intensity of spermatozoa comparing heat stress with mitigation (grey 
lines) (n=6) and heat stress without mitigation (black lines) (n=6). Three levels of expression (low, moderate and high) 
are delineated with the bars above the sample values. Measurements collected using image based flow cytometry 
(FlowSight). 
 
 
 
 
 
 
 
 77 
 
 
Table 3.1. Latin square design for the evaluation of evaporative cooling. A three day period was used with all 
treatments being applied to each boar and every treatment applied during every period. 
Period 1 2 3 4 5 6 7 8 9 10  Trt Drip Fan 
Boar #1 A B C D E F G H I J  A Off  Off 
Boar #2 B C D E F G H I J A  B Neck on Neck off 
Boar #3 C D E F G H I J A B  C Neck off Neck on 
Boar #4 D E F G H I J A B C  D Neck on Neck on 
Boar #5 E F G H I J A B C D  E Testis on Testis off 
Boar #6 F G H I J A B C D E  F Testis off Testis on 
Boar #7 G H I J A B C D E F  G Testis on Testis on 
Boar #8 H I J A B C D E F G  H Both Off 
Boar #9 I J A B C D E F G H  I Off  Both 
Boar #10 J A B C D E F G H I  J Both  Both 
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Table 3.2. Composition of gestation diet (% as-fed basis). 
Item Maintenance diet 
Corn 69.4 
Soybean meal (48%)  15 
Soy hulls 10 
Choice white grease 1 
Dicalcium phosphate 2.3 
Limestone 1 
Salt 0.5 
Vitamin premixes 0.5 
Trace mineral premix  0.2 
Zinc and biotin premixes 0.2 
  
  
 
Table 3.3. Least squares means and standard errors for the effects on temperatures and respiration rate of evaporative cooling of the boars (n=10) during 30 days heat stress 
conditions (21.4 to 26°C). 
 
 
 
 
  
 
 
 
    Treatment   
    A B C D E F G H I J P-value1 
 Fan - Neck - Neck Scrotum - Scrotum - Both Both 
Treatment 
Location Dripper - - Neck Neck - Scrotum Scrotum Both - Both 
Shoulder 
(°C) 
AM 32.7+0.5 28.6+0.5 31.1+0.5 26.5+0.5 32.2+0.5 32.8+0.5 32.5+0.5 27.7+0.5 33.5+0.5 33.5+0.5 <0.0001 
PM 34.2+0.5 29.9+0.5 32.6+0.5 28.4+0.5 33.6+0.5 33.5+0.5 33.6+0.5 28.1+0.5 31.5+0.5 26.5+0.5  
Ear (°C) 
AM 28.6+0.6 24.5+0.6 27.6+0.6 23.9+0.6 26.6+0.6 29.8+0.6 27.1+0.6 24.4+0.6 28.7+0.6 23.3+0.6 
<0.0001 
PM 33.1+0.6 28.8+0.6 32.4+0.6 28.3+0.6 31.0+0.6 32.8+0.6 31.1+0.6 27.8+0.6 31.7+0.6 27.1+0.6 
Scrotum 
(°C) 
AM 32.7+0.4 32.3+0.4 32.8+0.4 32.1+0.4 29.5+0.4 31.2+0.4 27.8+0.4 30.2+0.4 31.5+0.4 28.9+0.4 
<0.0001 
PM 33.3+0.4 33.1+0.4 33.2+0.4 32.5+0.4 30.4+0.4 31.9+0.4 28.0+0.4 30.7+0.4 32.4+0.4 29.0+0.4 
RR (bmp) 
AM 19.7+1.3 18.7+1.3 20.5+1.3 20.3+1.3 18.9+1.3 20.3+1.3 19.0+1.3 18.8+1.3 20.7+1.3 18.3+1.3 
0.4914 
PM 22.9+1.3 19.3+1.3 20.5+1.3 19.8+1.3 18.6+1.3 20.5+1.3 20.7+1.3 18.2+1.3 21.7+1.3 18.1+1.3 
Rectal (°C) 
AM 38.5+0.05 38.6+0.05 38.5+0.05 38.6+0.05 38.4+0.05 38.4+0.05 38.4+0.05 38.5+0.05 38.4+0.05 38.6+0.05 
0.1708 
PM 38.5+0.05 38.6+0.05 38.5+0.05 38.6+0.05 38.5+0.05 38.5+0.05 38.4+0.05 38.6+0.05 38.6+0.06 38.6+0.05 
1Means differ at P<0.05 
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Table 3.4. Least squares means and standard errors for the effects on temperatures and respiration rate of evaporative cooling on the thermal responses of the boars (n=10) during 
30 days heat wave conditions (24.3 to 31.3°C). 
 
    Treatment 
  A B C D E F G H I J P-value1 
 Fan - Neck - Neck Scrotum - Scrotum - Both Both 
Treatment 
  Dripper - - Neck Neck - Scrotum Scrotum Both - Both 
Shoulder 
(°C) 
AM 34.4+0.4 30.0+0.4 33.2+0.4 29.5+0.4 34.0+0.4 34.2+0.4 34.0+0.4 30.6+0.4 33.7+0.4 29.4+0.4 <0.0001 
 PM 36.7+0.4 33.0+0.4 36.2+0.4 31.4+0.4 36.4+0.4 36.3+0.4 36.1+0.4 32.5+0.4 35.8+0.4 31.5+0.4  
Ear (°C) 
AM 33.9+0.6 28.8+0.6 32.6+0.6 29.2+0.6 31.1+0.6 33.9+0.6 31.1+0.6 27.9+0.6 33.6+0.6 27.6+0.6 
<0.0001 
PM 36.6+0.6 34.4+0.6 36.5+0.6 33.4+0.6 35.7+0.6 36.5+0.6 35.5+0.6 33.8+0.6 36.4+0.6 33.2+0.6 
Scrotum 
(°C) 
AM 33.1+0.3 32.9+0.3 33.1+0.3 33.0+0.3 31.3+0.3 32.8+0.3 29.6+0.3 31.7+0.3 32.7+0.3 30.1+0.3 
0.031 
PM 34.8+0.3 34.8+0.3 35.1+0.3 34.2+0.3 33.0+0.3 34.7+0.3 31.9+0.3 32.6+0.3 34.4+0.3 31.9+0.3 
RR (bmp) 
AM 35.7+3.2 27.3+3.2 30.0+3.2 36.3+3.2 27.6+3.2 34.7+3.2 28.2+3.2 26.2+3.2 34.2+3.2 25.5+3.2 
<0.0001 
PM 47.4+3.3 30.4+3.3 48.6+3.3 28.8+3.3 27.2+3.3 46.2+3.3 25.1+3.3 23.2+3.3 47.0+3.3 25.8+3.3 
Rectal (°C) 
AM 38.6+0.5 38.6+0.5 38.5+0.5 38.6+0.5 38.4+0.5 38.6+0.5 38.3+0.5 38.4+0.5 38.6+0.5 38.5+0.5 
0.0274 
PM 38.6+0.5 38.6+0.5 38.5+0.5 38.6+0.5 38.5+0.5 38.7+0.5 38.5+0.5 38.5+0.5 38.5+0.5 38.5+0.5 
1Means differ at P<0.05 
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Table 3.5. Least squares means for the effects of conductive cooling on the thermal responses of the boars (n=12) 
during 14 day period heat stress conditions (21.5 to 25.6°C). 
  Treatment   
 HS- Cooling Pad HS-Control Floor  
Measure AM AM P-value 
Shoulder (°C) 34.2+0.1 34.4+0.1 0.288 
Ear (°C) 32.6+0.5 33.6+0.5 0.169 
Scrotal (°C) 31.5+0.2 31.6+0.2 0.526 
RR (bpm) 24.1+1.6 27.5+1.6 0.157 
Rectal (°C) 38.6+0.05 38.6+0.05 0.915 
 PM PM  
Shoulder (°C) 34.1+0.1 34.3+0.1 0.381 
Ear (°C) 32.8+0.5 33.4+0.5 0.367 
Scrotal (°C) 32.1+0.2 32.2+0.2 0.689 
RR (bpm) 23.9+1.6 25.6+1.6 0.456 
Rectal (°C) 38.6+0.05 38.6+0.05 0.257 
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Table 3.6. Least squares means for the effects of conductive cooling on the thermal responses of the boars (n=12) 
during 14 day period heat wave conditions (21.5 to 31°C). 
   Treatment   
 HW-Cooling Pad HW-Control Floor  
Measure AM AM P-value 
Shoulder (°C) 34.8+0.2 35.1+0.2 0.446 
Ear (°C) 34.5+0.3 34.8+0.3 0.438 
Scrotal (°C) 32.3+0.1 32.6+0.1 0.087 
RR (bpm) 27.8+2.2 30.3+2.2 0.419 
Rectal (°C) 38.6+0.03 38.6+0.03 0.924 
PM PM   
Shoulder (°C) 35.4+0.2 35.9+0.2 0.05 
Ear (°C) 35.0+0.3 35.7+0.3 0.134 
Scrotal (°C) 33.6+0.1 33.8+0.1 0.373 
RR (bpm) 29.2+2.3 37.0+2.3 0.025 
Rectal (°C) 38.5+0.03 38.5+0.03 0.192 
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Table 3.7. Comparison of Least squares means from the thermal response of the evaporative (n=10) and conductive 
cooling (n=12) trials. Each is compared to the contemporary control of each trial. 
 Treatment P-value 
Measure 
Conductive 
Cooling 
Conductive 
Control 
Evaporative 
Cooling 
Evaporative 
Control  
Conductive Evaporative 
Shoulder (°C) 34.2+0.1 34.3+0.1 32.7+0.5 33.5+0.5 0.248 <.0001 
Ear (°C) 32.7+0.4 33.5+0.4 23.3+0.6 28.6+0.6 0.21 <.0001 
Scrotal (°C) 31.8+0.1 31.9+0.1 28.9+0.4 32.7+0.4 0.547 <.0001 
RR (bpm) 24.0+1.5 26.5+1.5 18.3+1.3 19.7+1.3 0.254 0.0576 
Rectal (°C) 38.6+0.04 38.6+0.04 38.6+0.05 38.5+0.05 0.435 0.3491 
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Table 3.8.  Least squares means of the thermal response of boars during the trial #3 under heat stress conditions (18.4 to 
26.1°C) with (n=6) or without mitigation (n=6). 
  Treatment   
 HS w/ Mitigation HS w/o Mitigation  
Measure AM AM P-value 
Shoulder (°C) 27.6+0.4 32.6+0.4 <0.0001 
Ear (°C) 24.4+0.8 29.1+0.8 0.002 
Scrotal (°C) 29+0.3 31.5+0.3 0.0001 
RR (bpm) 23.0+0.9 24.9+0.9 0.165 
Rectal (°C) 38.5+0.06 38.4+0.06 0.376 
 PM PM   
Shoulder (°C) 29.2+0.4 33.5+0.4 <0.0001 
Ear (°C) 28.2+0.8 31.2+0.8 0.027 
Scrotal (°C) 28.8+0.3 31.7+0.3 <0.0001 
RR (bpm) 22.3+0.9 24.4+0.9 0.125 
Rectal (°C) 38.4+0.06 38.5+0.06 0.589 
 
 
 
 
 
 
 
 
  
 
Table 3.9.  Least squares means for the morphological classification of spermatozoa comparing heat stressed boars with and without cooling.  The shaded area shows the 
combination of morphologically normal spermatozoa in the boar (normal with or without distal droplet) and abnormal (midpiece, tail, head defects or presence of proximal 
cytoplasmic droplets). 
   N Normal Midpiece Tail  Proximal Cytoplasmic Droplets Head 
Normal and 
Distal Droplet 
Abnormal 
HS w/ 
Mitigation 
6 19.9+1.7 21.2+3.3 37.7+3.5 1.8+1.3 8.0+1.5 40.5+3.2 59.5+3.2 
HS w/o 
Mitigation 
6 5.3+1.7 22.0+3.3 59.4+3.5 4.2+1.3 15.3+1.5 13.3+3.2 86.8+3.2 
P-value   <0.0001 0.86 0.0003 0.21 0.003 <0.0001 <0.0001 
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Table 3.10. Least squares means for the image based cytometry for heat stressed boars with and without mitigation. Values are of percent of gated spermatozoa collected from the 
epididymis with the given characteristic indicated by reagents.  
Treatment 
%Gated    
Tail UBB++ 
%Gated    
Tail LCA++ 
%Gated Proximal CD Present 
LCA-based 
%Gated Good Acrosomes 
PNA-based 
%Gated     
TUNEL Positive 
HS w/ Mitigation 27.57+10.5 6.82+9.3 44.95+14.6 57.52+11.7 1.1+1.1 
HS w/o Mitigation 51.17+10.5 31.68+9.3 67.45+14.6 36.03+11.7 2.67+1.1 
P-value 0.144 0.089 0.301 0.224 0.336 
8
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